We present results of electronic structure calculations of the bulk properties of the Weyl semimetal TaAs. The emergence of Weyl (massless) fermions in TaAs, due to its electronic band structure, is indicative of a new state of matter in the condensed phase that is of great interest for fundamental physics and possibly new applications. Many of the physical properties of the material, however, are unknown. We have calculated the structural parameters, dielectric function, elastic constants, phonon dispersion, electronic band structure, and Born effective charges using density functional theory within the generalized gradient approximation, including spin-orbit coupling where necessary. Our results provide essential information on the material; and our calculations agree well with the relatively small number of experimental data available. Moreover, we have determined the relative stability of the ground state body-centered tetragonal phase with respect to other common binary phases as a function of pressure at the athermal limit, predicting a transition to the CsCl cubic structure at 23.3 GPa. Finally, we have determined the band structure using an unbiased hybrid density functional that includes 25% exact exchange, in order to refine the previously determined positions in k space of the Weyl points.
I. INTRODUCTION
Weyl fermions are massless chiral spin- 1 2 particles that are allowed solutions of Dirac's equation [1] [2] [3] . Although theoretically possible, the demonstration of their existence has remained elusive until quite recently, where they have been shown to be emergent properties of so-called "Weyl semimetals," of which the archetypal example is the binary system TaAs [4] . Measurements of the Fermi surface and band structure using angle resolved photoemission spectroscopy (ARPES), coupled with first principles calculations, have shown conclusively the Weyl points and surface Fermi arcs that are indicative of the fermions in TaAs [5] [6] [7] [8] [9] (as well as the related materials TaP, NbAs, and NbP [10] [11] [12] ; other systems studied are SrSi 2 [13] and Na 3 Bi [14] , while a particular photonic crystal design has been proposed [15] to allow Weyl fermions).
As well as representing a novel topological state of matter and therefore being of great interest for fundamental physics, TaAs has been shown to exhibit negative magnetoresistance [16] and high carrier mobilities [17] , which may have substantial device implications. Relatively little is known, however, about its elastic, structural, optical, and dielectric properties. Measurements have shown it to be diamagnetic and nonmetallic [18, 19] , with a low Seebeck coefficient and high thermal conductivity [20] .
In ambient conditions, TaAs stabilizes in a body-centered tetragonal phase (I 4 1 md, space group no. 109) [18, 21] , with other stoichiometries possible and probably present in small traces in single-crystal samples of TaAs [20, 22] . The Ta and As atoms have six nearest neighbors in a trigonal prismatic coordination, with the prisms lying lengthwise perpendicular to the c axis, stacked in alternate orientations rotated by 90
• [see Fig. 1(a) ]. The relative stability of this phase with respect to other common binary phases, either six-coordinated * j.buckeridge@ucl.ac.uk octahedrally, or eight-or four-coordinated, is not understood at present.
In this paper, we have calculated the structural, elastic, dielectric, lattice vibrational, optical, and electronic properties of TaAs using density functional theory (DFT), including spin-orbit coupling effects where necessary. Our results provide crucial information on the physical properties of this material for future experimental design. Our calculated phonon frequencies are in excellent agreement with Raman measurements [23] . We have studied the stability of the I 4 1 md phase relative to common binary phases and have calculated their pressure dependence. We find that the hexagonal NiAs phase (P 6 3 /mmc, no. 194) is next nearest in enthalpy, but as the pressure is increased the cubic CsCl structure (P m3m, no. 221), which is metallic with no Weyl points present, stabilizes and becomes the most favorable at pressures above 23.3 GPa. The zinc blende phase is highly unfavorable at all pressures studied. We have also calculated the band structure using a hybrid-DFT approach that includes 25% screened exact exchange (which corrects for the self-interaction error in DFT) in order to refine the positions of the Weyl points in reciprocal space. Our refinement is consistent with Fermi arc measurements using ARPES and provides useful information for comparison for future experiments and calculations.
The paper is now structured as follows. In Sec. II we discuss our calculation techniques in detail, in Sec. III we present our results, and in Sec. IV we give a summary of our work and the resulting conclusions.
II. METHODS
All our DFT calculations were carried out using the VASP code [24] [25] [26] [27] , utilizing the solids-corrected PerdewBurke-Ernzerhof (PBEsol) GGA exchange-correlation (XC) functional [28, 29] with the projector augmented wave (PAW) method [30] to model the interaction between core and valence electrons (with five valence electrons for both Ta and As atoms). Using the implementation in VASP [31] , spin-orbit interactions were included where necessary for electronic structure calculations (the interaction was found to have a negligible effect on the structural, dielectric, and vibrational properties and on enthalpy differences between phases and so was not included in those cases). When determining the electronic band structure we have used the screened hybrid exchange correlation functional HSE06 [32] , where 25% exact exchange is included, which is known to reduce appropriately the self-interaction error present in DFT to a satisfactory degree in many cases [33] [34] [35] [36] .
To avoid the problem of Pulay stress, the four atom primitive unit cell of TaAs was optimized at a series of different volumes with a 400 eV plane wave cutoff and a 9 × 9 × 9 MonkhorstPack [37] k-point mesh, which provided convergence in the total energy up to 10 −4 eV. The resulting energy-volume data were fitted to the Murnaghan equation of state to derive the equilibrium lattice constant and bulk modulus. This procedure was also followed for the other phases studied, with an 18 × 18 × 18 k-point mesh for the cubic phases and an 18 × 18 × 9 k-point mesh for all other cases. All force calculations were deemed converged when the change in total force on each ion per iteration was less than 10
The Born effective charges and piezoelectric tensor components were determined using the linear response approach implemented in VASP [38] , while the dielectric function was determined using a summation over calculated conduction bands [39] . Phonon frequencies of TaAs were calculated using the frozen phonon approach, where the dynamical matrix is derived by displacing atoms from their equilibrium positions and calculating the resulting forces, thus giving the numerical force constants. In order to carry out this procedure, the primitive cell geometry was relaxed in the manner described above but deemed converged when the change in total force on each ion per iteration was less than 10 −4 eVÅ −1 , so that more accurate forces could be computed. The phonon dispersion was calculated by displacing atoms appropriately in a 4 × 4 × 4 (256 atoms) expansion of the primitive unit cell and constructing the dynamical matrix, as implemented in the post-processing program PHONOPY [40] . The splitting between the transverse optical (TO) and longitudinal optical (LO) modes was determined using a nonanalytical correction term [41] [42] [43] .
III. RESULTS

A. Structural and elastic properties
Our calculated structural properties, using the PBEsol functional, of TaAs in its ground state phase (body-centred tetragonal I 4 1 md) are presented in Table I , in comparison with experimentally determined values. We have also included our results using the HSE06 hybrid functional. In both cases the results are in agreement with experiment within 0.5%. Also shown in Table I are the structural parameters of the other binary structures studied (see Fig. 1 ): rock salt (cubic F m3m, no. 225), zinc blende (cubic F43m, no. 216), wurtzite (hexagonal P 6 3 mc, no. 186), CsCl (cubic P m3m, no. 221), NiAs (hexagonal P 6 3 /mmc, no. 194), and three structures that were discovered serendipitously as local minima close to those studied previously. The first was found in a minimum close to that of wurtzite, but with five-coordinated ions rather than four, where each ion sits in the center of a triangle of coplanar ions of the opposite charge, occupying alternate triangles in the hexagonal layers of the wurtzite structure, with two more ions completing a trigonal bipyramidal building block [see Fig. 1(g) ]. This phase has an orthorhombic primitive cell (Cmcm, no. 63, but we give the conventional hexagonal cell parameters in Table I ) and has been observed from global optimization calculations on a number of systems where it has been dubbed the "5-5" structure [44] [45] [46] . Close in the energy landscape to the 5-5 phase we determined a six-coordinated orthorhombic phase (P mmn, no. 59), with close-packed distorted octahedra as building blocks, [ Fig. 1(h) ]. The third structure was found close to the zinc blende phase, consisting of trigonally distorted octahedra in a monoclinic (C2/m, no. 12) cell [see Fig. 1(i) ]. The enthalpy difference ( H ) between these phases and the ground state is included, as is the bulk modulus (B) and its derivative (B ).
At zero applied pressure, in the athermal limit, it is valid to equate the total energy with enthalpy and compare the energies per atom of the different phases to assess their relative 125205-2 (I 4 1 md) , shown as a function of applied pressure. The phases studied are specified by their common names where available; otherwise the space group is given. elongation along the c direction [see Fig. 1(d) ], allowing an increase in Ta-As bond length (2.604Å in wurtzite and ground state phase vs 2.483Å in zinc blende) to equal that in the ground state phase, while also resulting in relatively close second nearest neighbors, thus stabilizing the structure relative to zinc blende.
We have also calculated the pressure dependence of the relative stability of each binary phase and present our results in Fig. 2 . For nonzero pressure we compare the enthalpies of each phase. As the pressure p increases, the NiAs phase gradually becomes closer in enthalpy to the I 4 1 md phase while the CsCl phase rapidly becomes closer until CsCl becomes the lowest enthalpy phase at p = 23.3 GPa. This result reflects the preference for higher coordination at higher pressure. The relative stabilisation of the NiAs phase, as well as the P mmn and C2/m phases, which have the same coordination as the I 4 1 md phase (six), is a consequence of the close packing of the polyhedra. Indeed, we see that rock salt becomes less favorable with applied pressure, as this phase has corner-sharing octahedra and therefore no close packing. The five-and four-coordinated phases become less stable with pressure, as expected. The calculated band structure, including spin-orbit coupling, of TaAs in the CsCl phase (at ambient pressure) is shown in Fig. 3 . We see that the system is metallic, with no evidence of the presence of Weyl points (as expected for a structure with inversion symmetry).
The elastic tensor components C ij for TaAs are presented in Table II . The values confirm the mechanical stability of the structure, which, for example, is comparable with that of rutile and anatase TiO 2 [47, 48] . 
B. Dielectric and vibrational properties
Using the linear response technique [38] , we have calculated the Born effective charges Z * of TaAs which are presented in Table II . As the structure comprises edge-sharing trigonal prisms, one square face of which lies in the ab plane, the polarizability for displacements along a and b differs, resulting in three different Z * values. The primitive cell consists of two atoms of each species, which lie in alternating layers of prisms that stack in the c direction [see Fig. 1(a) ]. The Z * 11 and Z * 22 values swap depending on the layer the atom lies in, which is a consequence of the relative rotation of the prisms by π/2 radians between the layers. Calculated piezoelectric tensor components d ij are also given in Table II . The values are significant and indicate the high polarity of bonding and strong coupling between the polarization and strain in the system.
The calculated dielectric function (ε = ε 1 + iε 2 ) is shown in Fig. 4 as a function of photon energy, along with the derived complex index of refractionñ = n + ik (ñ 2 =ε), the reflectance R = |(ñ − 1)/(ñ + 1)| 2 , and optical absorption α = 4πk/λ (where λ is the photon wavelength). Due to the tetragonal symmetry, the optical properties differ for the cases of the impinging oscillating electric field E being parallel to the a or b directions or parallel to the c direction. In the visible spectrum, the material absorbs and reflects light, as expected for a semimetal and in agreement with the image of single crystals given in Ref. [4] . The properties are similar to those seen for the narrow-gap systems PbS and PbTe [47] . Taking the long-wavelength limit, we find that the high-frequency dielectric constants are ε 11 = 871, ε 33 = 36. These values would be further enhanced due to thermal excitations which are not included in our simulations.
We have calculated the phonon dispersion using the frozen phonon approach, and our results are shown in Fig. 5 , including the phonon density of states (DOS) and its projection on the individual ions. For comparison, we include the results of Raman measurements from Ref. [23] , with which our results are in excellent agreement. We note that Liu et al. in Ref. [23] also calculated the phonon dispersion, using the PBE rather than the PBEsol functional. Our results demonstrate that PBEsol is more appropriate as it leads to values much closer to experiment, a consequence of more accurate interatomic forces resulting from this functional [49] [50] [51] . From the phonon DOS shown in Fig. 5 we find that the acoustic modes are distributed over both ion species, while the optical modes are split into lower frequency modes mainly concentrated on the heavier (and less polarizable) Ta ions and higher frequency modes mainly concentrated the lighter As ions. The linear dispersion observed along -N -1 and along X-P is probably a result of an insufficient sampling of the first Brillouin zone in these regions.
C. Electronic band structure and Weyl points
We present our calculated band structures in [4] , beyond the high-symmetry directions these points extend into nodal rings on the mirror planes parallel to the k z direction in the Brillouin zone (BZ), which in turn reduce to points (the Weyl points) when spin-orbit coupling effects are included. These points, where the bands display linear dispersion, are characteristic of the massless Weyl fermions and lead to features such as Fermi arcs on the (001) surface that can be experimentally measured, the existence of which has confirmed TaAs as a Weyl semimetal [5] [6] [7] [8] [9] . Comparing the PBEsol band structure with that determined using HSE06, we see that the crossing points occur at different energies relative to the Fermi level, which implies that the positions of the loops and hence the Weyl points will differ according to the DFT approach used.
By calculating the CB and VB dispersion in the full BZ, we have determined the positions of the Weyl points in reciprocal space and their projections onto the (001) surface, which has been studied experimentally using ARPES [5] [6] [7] [8] [9] ; Fig. 7 and Table III compare our PBEsol and HSE06 results with those of Huang et al. [4] , who used PBE. The high-symmetry points in the BZ of the surface are indicated by letters with bars. There are some small differences between the results from the two approaches. By convention, the Weyl points in TaAs (and related systems with the same crystal structure) are divided into two types, according to their k z value in reciprocal space: W1 (k z = 2π/c) and W2 (k z = 2π/c) [4] . On the (001) surface, the W1 points lie furthest from¯ (see Fig. 7 ). Using HSE06, we find that the W1 points are slightly closer 125205-5 to the zone edge, which would result in narrower but more pronounced Fermi arcs [12] . Our results using PBEsol agree well with those using PBE [4] [5] [6] [7] 12] , but the more pronounced Fermi arcs associated with W1 that would be seen if the HSE06 Weyl points were assumed to be correct would be in better agreement with the experimental results [5] [6] [7] 12] . We stress that the difference is small, and it may be the case that it is within the experimental error. Nevertheless, our HSE06 results provide a useful comparison for future measurements of Fermi arcs on TaAs (001). The resulting coordinates of the W1 point projected onto the (001) surface are k W 2 = (0.009Å −1 , 0.899Å −1 ).
For the W2 point, from HSE06 we find that the coordinates projected to the (001) surface are k W 2 = (0.035Å −1 , 0.587Å −1 ), in excellent agreement with the calculations of Huang et al. [4] and within the experimental error from ARPES measurements given in Ref. [6] (the PBEsol results are almost identical, see Fig. 7 ). From HSE06 we determine a difference in energy between the Weyl points of 16 meV, in good agreement with the 14 meV value given in Ref. [5] .
IV. SUMMARY/CONCLUSIONS
To summarize, we have calculated the structural, elastic, dielectric, lattice vibrational, and electronic properties of the Weyl semimetal TaAs using DFT. Our results agree well with available experiment and previous calculations where available but provide much needed physical data previously unknown about this increasingly important material. We have determined the pressure dependence of the ground state phase in comparison with a variety of common binary phases, finding that the NiAs and CsCl phases are closest in energy, with the CsCl phase, which is metallic with no Weyl points, becoming more favorable at p = 23.3 GPa. Moreover, we have calculated the band structure using a hybrid density functional, which provides a refinement of the position of the Weyl points in reciprocal space which will be of use for comparison with future higher resolution ARPES measurements.
